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The integrity of a reactor pressure vessel (RPV) related to pressurized thermal shocks (PTSs)
has been extensively studied. This paper introduces an integrity assessment of an RPV
subjected to a PTS transient based on the French codes. In the USA, the “screening crite-
rion” for maximum allowable embrittlement of RPV material is developed based on the
probabilistic fracture mechanics. However, in the French RCC-M and RSE-M codes, which
are developed based on the deterministic fracture mechanics, there is no “screening cri-
terion”. In this paper, the methodology in the RCC-M and RSE-M codes, which are used for
PTS analysis, are firstly discussed. The bases of the French codes are compared with ASME
and FAVOR codes. A case study is also presented. The results show that the method in the
RCC-M code that accounts for the influence of cladding on the stress intensity factor (SIF)
may be nonconservative. The SIF almost doubles if the weld residual stress is considered.
The approaches included in the codes differ in many aspects, which may result in sig-
nificant differences in the assessment results. Therefore, homogenization of the codes in
the long time operation of nuclear power plants is needed.
Copyright © 2016, Published by Elsevier Korea LLC on behalf of Korean Nuclear Society. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).1. Introduction
Thereactorpressurevessel (RPV) is akeycomponentofnuclear
power plants (NPPs) with regard to safety and lifetime [1].
Although long time operation (LTO) is a main concern, the
pressurized thermal shock (PTS) event poses a potentiallym.cn, p134362@163.com (
sevier Korea LLC on beha
mons.org/licenses/by-ncsignificant challenge to the structural integrity of the RPV [2].
Prior to 1978, it was postulated that themost severe PTS event
was a large-break loss-of-coolant accident (LOCA). During that
type of overcooling transient, low-temperature emergency
coolant would rapidly enter and cool the vessel wall which
would result in high thermal stresses. In 1978, the occurrenceM. Chen).
lf of Korean Nuclear Society. This is an open access article under
-nd/4.0/).
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rapid cool-down could be accompanied by repressurization
during some types of overcooling transients. Following the
incident, the USA Nuclear Regulatory Commission (NRC)
designatedPTSas anunresolved safety issue, and theeffects of
PTS were extensively analyzed [3]. On the basis of those ana-
lyses, the NRC established the Regulatory Guide (RG) 1.154 [4]
and 10 Code of Federal Regulation (CFR) 50.61 [5] rules. The 10
CFR 50.61 establishes a “screening criterion” based on the
reactor vessel nil-ductility-transition temperature (RTNDT). The
screening criterion RTNDT (called RTPTS in the rule) was selected
according to the studies that the risk due to PTS events is
acceptable based on the probabilistic fracture mechanics
(PFM). In 10CFR50.61, theRTPTS is 132C forplates, forgings, and
axialwelds, and 149C for circumferentialwelds.As long as the
limiting temperature is not reached, the risk caused by the PTS
events is considered tobeacceptable.ThePTS issuesarewidely
studied in the USA. However, the technical basis of FAVOR,
which is developedbyOakRidgeNational Laboratory (ORNL) in
Washington, DC and used by the US NRC to perform the PTS
analysis [6e8], is not consistent with other codes and stan-
dards, such as the ASME [9], RCC-M [10], and RSE-M [11] codes.
Furthermore, no such “screening criterion” exists in the
French codes, e.g., RCC-M and RSE-M which were developed
based on the deterministic fracturemechanics (DFM). The RPV
assessment is mainly based on simplified methods (“engi-
neering approach”) instead of the more sophisticated
approach in these codes. The criteria of the Level C “excep-
tional conditions” and Level D “highly improbable conditions”,
which may be classified as the PTS transients, are lacking
clear descriptions. In addition, some fracture mechanics in-
puts, such as the thermal and stress analyses, have not been
revisited since their original design. Therefore, it may be
difficult to reassess the safety of the RPV under PTS loadings
during the LTO operation according to the RCC-M and RSE-M
codes. In fact, there is only a small amount of literatureFig. 1 e Diagrammatic representation of the PTS analysis. PTbased on the RCC-M or RSE-M codes to assess RPV integrity,
even though the resistance of RPV against fast fracture has
been comprehensively studied.
This paper aims to apply the French codes, RCC-M and
RSE-M, to perform an RPV integrity assessment, to compare
the two codes with the ASME codes, and to discuss the lim-
itations of the three codes. In this paper, the methodology of
the Level C and Level D in the French codes, which is clas-
sified as the PTS assessment, is firstly discussed. Meanwhile,
the methodology is further compared with the fundamental
of the FAVOR software. A case study according to the RCC-M
and RSE-M codes is presented. Lastly, the limitations of the
RCC-M and RSE-M codes, as well as the important factors for
the RPV structural assessment, i.e., weld residual stress,
cladding influence, and crack arrest assessment criteria, are
discussed.
1.1. PTS assessment procedure
The PTS assessment of RPV integrity is based on comparisons
of crack driving forces (such as stress intensity factor, SIF KI)
calculated for assessed points along the crack front with its
allowable value (such as fracture toughness KIC) for PTS events
[12,13]. The flowchart of the PTS analysis is shown in Fig. 1,
and themain evaluations are described in the following steps:
(1) prediction of material toughness according to the chemical
compositions, initial toughness, neutron fluence andmaterial
embrittlement; (2) calculation of PTS transients according to
thermal-hydraulic analysis; (3) analyses of thermal-
mechanical and welding residual stress; (4) definition crack
information (position, orientation, size, and type): perform
fracture mechanics analysis to calculate the SIF of the
postulated cracks; (5) definition failure criteria according to
the code (failure model and margin); and (6) assessment:
compare SIFs of the postulated cracks with the failure criteria
(fracture toughness of the embrittled material).S, pressurized thermal shock; SIF, stress intensity factor.
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toughness and irradiation embrittlement, PTS transient
calculation, crack models, and assessment criteria will be
discussed.2. Materials and methods
2.1. Material properties
2.1.1. Material toughness
As described above, material toughness is the critical material
property in the PTS study. For ferritic steels, the static fracture
toughness KICðMPa$
ﬃﬃﬃﬃﬃ
m
p Þ and the crack arrest toughness
KIaðMPa$
ﬃﬃﬃﬃﬃ
m
p Þ are functions of the material temperature T(C)
and RTNDT (C) in the RCC-M and RSE-M codes. In the RSE-M
code Version 2007, the toughness is defined as follows:
KIC ¼minf36:5þ 3:1 exp½0:36ðT RTNDT þ 55:5Þ; 220g (1a)
KIa¼minf29:43þ1:355exp½0:0261ðTRTNDTþ88:9Þ;220g (1b)
It is well known that the weld zone includes the parent, the
weld, and the heat affected zone (HAZ). In actual structural
assessments, the equation above may be used for all mate-
rials, while the RTNDT is calculated according to different
materials. In the USA, it is recommended and considered
adequately conservative to use the equation for steels of
minimum yield strengths up to and including 345 MPa [14]. In
the early 2000s, it became clear that the irradiation effect on
the weld metal of Ringhals 3 and 4 in Swedish reactors was
different to that in Westinghouse type RPVs.
As shown in Eq. (1), the upper shelf values of KIC and KIa
have no relationship with the neutron fluence. Although the
upper shelf value can be taken as 200 MPa$
ﬃﬃﬃﬃﬃ
m
p
in [15], 240
MPa$
ﬃﬃﬃﬃﬃ
m
p
is implicitly endorsed by the ASME code [9]. In the
USA, Appendix G of 10 CFR 50 [16] requires the upper shelf
energy throughout the life of the vessel to be no less than 67.8 J
which implicitly endorses that the upper shelf values are
related to the fluence. However, there is no description in the
RCC-M and RSE-M codes about the relationship between the
upper shelf energy and the neutron fluence. This needs
further improvement.
2.1.2. Irradiation embrittlement of the RPV
RPVmaterial tends to embrittle due to neutron irradiation and
the degree of embrittlement is quantified by the change in
RTNDT in the RCC-M and RSE-M codes. The final RTNDT is ob-
tained by adding the shift (DRTNDT) to the initial value. The
following equation is used in the RCC-M Version 2007, Ap-
pendix Z G for the base metal 16MND5:
DRTNDT ¼ ½22þ 556ð%Cu 0:08Þ þ 2778ð%P 0:008Þ

f

1019
1=2
;
(2)
in which, %Cu and %P represents the weight-percent
measured values of Cu and P. f represents the fluence
expressed in neutrons per cm2, where only neutrons having
energy > 1 MeV are considered.
In the RSE-M code Version 2010, the shift of the RTNDT due
to the embrittlement can be calculated according to the RCC-M code, or calculated according to the Fragilisation par Irra-
diation Superieure (FIS) equation:
DRTNDT ¼ 15:4

1þ 35:7max½0; ðP 0:008Þ
þ 6:6max½0; ðCu 0:08Þ þ 5:8Ni2Cuf0:59 (3)
in which, P, Cu, and Ni represent the weight-percent
measured values of P, Cu, and Ni. f represents the fluence
expressed in neutrons per cm2, where only neutrons having
energy > 1 MeV are considered.
The FIS equation is based on research by Brillaud, where a
series of French surveillance data was analyzed [17].
Compared with the RCC-M code, the influence of Ni compo-
sition is considered in the FIS equation. The initial design
values of the maximum fluence level from AREVA were be-
tween 5.1 and 5:6 1019n=cm2 (E > 1MeV) for the design life of
40 years. The reevaluation in 2001 led to 7.2e7:6 1019n=cm2
(E > 1 MeV) projected for 40 years. The FIS equation is only
applicable up to a maximum neutron fluence of
11:5 1019n=cm2 (E > 1 MeV). Thus, during the LTO (operate to
60 years), the fluencewill be close to the limit of the equations.2.2. PTS transient calculation
PTS transients are significant in terms of the stresses which
are likely to be induced with associated temperatures, and the
temperatures impact on the toughness of the material. The
output of the thermal hydraulic analysis, which is input into
the fracture mechanics model, is the temporal variation of
pressure, temperature, and heat transfer coefficients (HTCs)
along the RPV downcomer.
In the design stage, the temporal variation of pressure and
temperature at the inlet nozzle of RPVs is given while the
focused area is the beltline region in the PTS assessment. The
RPV is approximated by a rotationally symmetric two-
dimensional model that allows the calculation of axial and
circumferential stresses as a function of one-dimensional
(along the radial direction) transient temperature distribu-
tion [18]. For the simplified analysis in the design stage, the
forced convection or free convection of HTCs are often used.
In the PTS assessment, some countries adopt the view that the
thermal plumes that can occur below the cold legs are of
sufficiently small magnitude that they can be neglected, while
other countries directly model the effect of these plumes. In
the latter case, the pressure, temperature, and HTCs variation
along the downcomer takes on both a spatial and a temporal
variation [19,20].
In the ASME Code Section XI Appendix E, the pressure and
temperature are the temporal variation, and the HTCs should
be considered under the event, plant specific flow, andmixing
conditions. However, there are few descriptions concerning
the thermal-hydraulic calculation in the RCC-M and RSE-M
codes.2.3. Crack models
In PTS analysis, it is necessary to demonstrate that the
integrity criteria are satisfied for the postulated defects
located at the beltline region with high neutron fluence.
However, the postulation of a defect is problematic. The inner
Fig. 3 e Conventional subcladding crack in RSE-M code. r,
the thickness of the cladding; SA, ligament between the
internal surface of the vessel and extremity A of the crack.
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prevent corrosion. Cladding materials are characterized by
relatively lower toughness in comparison with the same
austenitic material that is not austenized after welding. The
cladding is heat treated to remove residual stresses [15]. In the
design stage of the RCC-M code, the cladding may be taken
into account in determining the temperature and stress fields,
but should be neglected for the fracture analyses [10].
In the RCC-M code Version 2010, the conventional refer-
ence defect is shown in Fig. 2, and the flaw depth a is defined
as follow:
a ¼minð0:25t; 20mmÞ t> 40mm (4)
in which, t is the thickness of the vessel, 2b is the flaw length
and a=2b ¼ 1=6.
The postulated defects are assumed to be normal to the
direction of the maximum principal stresses. For semi-
elliptical inner-surface-breaking defects, both the deepest
point (DP, point A in Fig. 2) on the crack front and the edge
located at the intersurface (IP, point B) should be analyzed.
Defects smaller than the reference defect must also be
analyzed to ensure that they are no more severe.
The flaw information of the RSE-M code is in accordance
with the actual nondestructive examination (NDT) informa-
tion. The flaw depth a is defined as the sum of the actual crack
size and the margin. It is known that no flaws in base metal
extended up to the inner surface of the RPV are found in real
cladded RPVs [21]. Fracture toughness of the first layer of
cladding is important for potential arrest of the underclad
crack propagation. If the crack is not arrested there, the sec-
ond layer of cladding has low fracture toughness and cannot
arrest [22,23]. On the basis of these results, a new type of
postulated underclad crack for PTS calculations is included in
the RSE-M code Version 2007, as shown in Fig. 3 (the first layer
is close to the base, and the second layer is close to the inner
surface of the RPV). For a circumferential or longitudinal
continuous subclad crack of height h ¼ 2a, whose extremity A
is located in the cladding and extremity B in the base metal,
the equivalent SIF is calculated at the crack tip points A and B,
which implicitly endorses that both ends of the defects must
be analyzed in the RSE-M code. Thus, the fracture toughness
value of the cladding is needed, whereas there is no descrip-
tion in the RSE-M code [23,24].
In the USA, the ASME Code Section XI App. E “Evaluation of
Unanticipated Operating Events” [9] provides acceptanceFig. 2 e Conventional reference defect in RCC-M code.criteriaandguidance forperforminganengineeringevaluation
on the effects of PTS on the structural integrity of the RPV
beltline region. In App. E which is based on the DFM, a semi-
elliptical surface flaw is used, and cladding should be consid-
ered in the thermal, stress and fracture mechanics analyses.
The flaw information in FAVOR is in accordance with the
actual NDT information. The surface-breaking flaws only exist
in the cladding in the FAVOR, which means that there is no
embedded flaw propagating through the cladding. This is
same in the RSE-M code, but obviously different to the hy-
pothesis in the RCC-M and ASME codes. The models in the
RCC-M and ASME codes conservatively postulate that all flaws
are inner-surface-breaking flaws. In the reference [12e14,22],
the SIF of the subclad crack may be 50% lower than that of the
surface breaking crack.2.4. Assessment criteria
In the RCC-M and RSE-M codes, the information which may be
used for PTS assessment, is contained in the Level C “Excep-
tional conditions” and Level D “Highly improbable conditions”.
In the RCC-M code Version 2007 and RSE-M code Version 2005,
the criteria for Level C and Level D are given in Table 1.
As shown in Table 1, only crack initiation assessment is
considered in the transient region ðT  RTNDT þ 60oCÞ, while
cracks which initiate in the cool inner region of the vesselmay
be arrested in a region of the wall where temperature is much
higher and neutron fluence is lower [13,15]. Thus, the focusing
of RCC-M and RSE-M codes on the beltline region is a con-
servative assumption. In a ductile tearing analysis for the high
temperature range ðT  RTNDT þ 40oCÞ, the crack shape
parameter a=2b is kept at 1/6 in the RCC-M code while the
Table 1 e Criteria in the RCC-M and RSE-M codes.a
RCC-M RSE-M
Level C Level D Level C Level D
T  RTNDT þ 60oC KCP  KIC=1:6 KCP  KIC=1:2 Kcpð1:3CCÞ minðKIC=1:35;KJC=1:25Þ Kcpð1:3CDÞ minðKIC=1:35;KJC=1:25Þ
T  RTNDT þ 40oC Option 1 KCP  KJC=1:3 KCP  KJC=1:0 Jð1:3CCÞ  J0:2 Jð1:1CDÞ  J0:2
Option 2 KCP  KJC=1:1 with a
margin of 1.6 on
ductile tearing
a margin of 1.2 is
verified against
ductile tearing
Jð1:3CCÞ  JDa=1:6 and Jð1:3CCÞ  J0:2 Jð1:3CDÞ  JDa=1:1
a KCP is the total SIF including plastic correction, T is the material temperature at the point in time and at the point on the crack front under
analysis, CC and CD mean the loads of Level C and Level D events, and KJC is the material toughness indicated by static measurements of JIC.
SIF, stress intensity factor.
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the RSE-M code.
The margin is only applied on the material toughness in
the RCC-M code. By contrast, margins are applied both on the
toughness and the crack driving forces in the RSE-M code. The
question is how to apply the margin on the crack driving
forces, such as the thermal stress and residual stress in the
three-dimensional finite element analysis (FEA). However,
there is no clear description of the criteria in the codes. Thus,
it may be difficult to carry out the assessment according to the
RSE-M code.
The criterion in the ASME Code Sec. XI App. E is as follow.
1:4ðKIM þ KItÞ þ KIr  KIC (5)
where KIM is the SIF due to membrane stress, KIt is the SIF due
to thermal stress, and KIr is the SIF due to residual stress.
According to Eq. (5), it implicitly endorses that the margin
is applied on the SIF due to membrane stress and thermal
stress in the ASME code, and only crack initiation assessment
is required while crack arrest assessment is an option in the
RCC-M and RSE-M codes. The residual stress is considered in
the ASME code but not considered in the RCC-M and RSE-M
codes.
It should be pointed out that both the RCC-M and RSE-M
codes are based on DFM, while the screening criterion of the
USA is based on PFM. Themain differences among these codes
are listed in Table 2.Table 2 e Compare the guidelines in different codes.
RCC-M
Crack Size Min (1/4 thickness, 20 mm) Mea
Type Surface Rea
Location Beltline and nozzle Rea
Orientation Longitudinal Circ
Cladding Not considered in
fracture assessment
Con
Ductile tearing Yes Yes
Thermal analysis Simplified analysis Exa
Failure criteria Model Initiation and ductile tearing Init
Margin On toughness On
Residual stress Not considered Not
DFM or PFM DFM DFM
DFM, deterministic fracture mechanics; PFM, probabilistic fracture mech3. Case study
The example documented in the International Atomic Energy
Agency (IAEA) report [15] is used to illustrate the detailed
methodology and results according to the French codes. The
time variations of pressure and fluid temperature around the
beltline are shown in Fig. 4, and the HTCs are shown in Table 3.RSE-M USA criteria
sured þ uncertainties Probabilistic
l and subsurface Subsurface for the base metal crack
l, beltline, and nozzle Beltline
umferential or longitudinal Circumferential or longitudinal
sidered Considered
Only after arrest
ct analysis Exact analysis by RELAP 5 software
iation and ductile tearing Initiation and ductile
tearing after arrest
force and toughness No
considered Considered
PFM
anics.
Table 3 e HTCs around the beltline.
Temperature/C 37 48 49 59 69 96 106 115 152
HTCs/(W/(m2$C)) 992 877 790 1,147 602 710 1,229 1,057 1,838
Temperature/C 206 251 261 268 276 279 287 295 /
HTCs/W/(m2$C) 1,581 4,834 1,757 6,232 3,453 1,054 24,696 24,125 /
HTC, heat transfer coefficients.
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1994 mm, the thickness of the base metal t is 200 mm and the
thickness of cladding tcladding is 7.5 mm, respectively [15]. The
inner side of the RPV is assumed to be subjected to thermal
shocks, and the thermal load is assumed to be rotationally
symmetric and homogeneous along the Z-axis in the analysis.
The beltline region of the RPV is sufficiently far away from the
nozzle area to be treated as axisymmetric cylindrical shell.
The RPV was modeled with SA508 Class 3 steel and the
cladding was made of austenitic stainless steel, respectively.
Temperature dependent material properties used in the ana-
lyses are summarized in Table 4 [15].4. Results
4.1. Temperature and stress distributions
The temperature distribution through the vessel wall at
different times of the transient is shown in Fig. 6. Due to rapid
cooling, the temperature difference along the vessel wall in-
creases in the beginning of the transients. As the temperatureTable 4 e Material properties of the base metal and cladding.
Material Temperature
(C)
Young
modulus/E
(GPa)
Poisson's
rationn
Thermal
conductivity
[W/(m$C)]
Base metal 20 204 0.3 54.6
300 185 45.8
Cladding 20 197 0.3 14.7
300 176.5 18.6
a Mean value between 20C and the temperature.of the coolant is no longer fluctuant, isothermal conditions are
achieved in the vessel wall at the end stage of the transient.
The elastic hoop stress in the PTS transient is shown in
Fig. 7. The discontinuity of the stress in the clad-base metal
interface is due to the different properties of the cladding and
base materials. The higher thermal expansion coefficient and
the lower thermal conductivity of the cladding are responsible
for the increased stress in the cladding zone (reaching the
yield stress). Due to the reduced temperature gradient, the
thermal stress starts unloading in the end stage.4.2. Crack driving force KCP
The SIF is determined from the defect size under consider-
ation, its position, and the associated stresses under analysis.
This determination may be performed in accordance with the
following procedure in the RCC-M code: (1) determination the
distribution of stresses caused by all applied loads at the point
in the time under consideration. The stress fit is carried outThermal
diffusivitym ¼ l=rC
(106 m2/s)
Density
(103kg/m3)
Coefficient of
thermal expansiona
(106/C)
Yield
stress
(MPa)
14.7 7.6 10.9 588
10.6 12.9 517
4.1 7.6 16.4 380
4.3 17.7 270
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Fig. 7 e The elastic hoop stress in the PTS transient. PTS,
pressurized thermal shocks.
Table 5 e SIF results at time 7,200 s of the transient.
Location KIðMPa$
ﬃﬃﬃﬃﬃ
m
p Þ KCPðMPa$
ﬃﬃﬃﬃﬃ
m
p Þ
RCC-M code 3-D FEA RCC-M codea 3-D FEA
DP 47.11 67.68 47.56 67.16
IP 30.67 68.78 30.78 85.17
a Yield stress at crack tip temperatures is determined by the linear
interpolation.
SIF, stress intensity factor.
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and only by taking into account the stresses normal to the
postulated defect plane. The distribution of normal stress sðxÞ
is fitted by a polynomial with variable x:
sðxÞ ¼ s0 þ s1ðx=LÞ þ s2ðx=LÞ2 þ s3ðx=LÞ3 þ s4ðx=LÞ4 (6)
where x is the distance to the wall 0  x  t if t is the thickness
of the studied zone. L is the distance over which the stress is
expressed by the polynomial: 0  L  t; (2) determination the
SIF KI by associating an influence function to each term in the
polynomial expression. Influence functions are represented
by i0, i1, i2, and i3, and are the function of crack geometry, the
zone in which the postulated crack is located, and the a/L
ratio. The KI is expressed as follows, and the influence func-
tions are given in RCC-M Z G 5120:
KI ¼ ðpaÞ1=2

s0i0 þ s1ða=LÞi1 þ s2ða=LÞ2i2 þ s3ða=LÞ3i3
	
(7)
and (3) correction of the plastic zone must be applied ac-
cording to the following procedure. Determine the radius ry of
the plastic zone at the defect tip, as follows:
ry ¼ 16p


KI
sy
2
(8)
where sy is the yield strength value for the material at the
crack tip at the temperature of the point in time considered.
Determine the corrected value of the intensity factor KCP as
follows:
KCP ¼ aKI
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
aþ ry

a
q
(9)
in which,
a ¼ 1; if ry  0:05ðt aÞ (10a)
a¼ 1þ0:15

ry0:05ðtaÞ
0:035ðtaÞ
2
; if 0:05ðtaÞ<ry 0:12ðtaÞ (10b)a ¼ 1:6; if ry >0:12ðt aÞ (10c)
in which, a is the additional plasticity correction in order to
take into account cladding yielding.
In reality, the method used to calculate KCP is based on the
plane strain conditions in the RCC-M code which is implicitly
endorsed in the Z G 5220 “Determination of crack-extension
force J”. In the Z G 5220, J may be computed from KCP using
the following equations:
J ¼ 1 n2K2CPE; at DP (11a)
J ¼ K2CP

E; at IP (11b)
The plan strain assumption in the calculation of SIF for the
IP is conservative according to the RCC-M code. The assess-
ment of SIF for the point of intersection of the crack front with
the free surface could also be performed by other more so-
phisticatedmethods, which take into account the plane stress
conditions in this point.
In the RCC-M code Version 2007, the maximum flaw depth
a is min (0.25t, 20 mm), and 2b/a ¼ 6 (defects smaller than the
maximum defect which must also be analyzed are not
assessed in this case study). The temporal variation of the
stress fields caused by the thermal and pressure loads are
used to calculate the SIF. The results according to the RCC-M
code are shown in Table 5, and they are also compared to
the results of the 3-D FEA. The detailedmethods of the 3-D FEA
are described in reference [2,8,13]. The FEA was carried out
using the general-purpose FEA program ABAQUS, Version
6.12, and only one quarter of the beltline was modeled
considering symmetric conditions. The hexahedron element
is used, and the pressure load on the crack surface was
considered for the through-clad defect.
As shown in Table 5, the method to account for the influ-
ence of cladding on the SIF is nonconservative in the RCC-M
code. As in the previous analysis, the stress in the cladding
region is higher than the yield stress, so the influence of the
cladding on the SIF is obvious. In this case study, the radius ry
at the crack tip is always smaller than 0.05(t-a), this means
that the influence of the cladding is actually ignored. Never-
theless, according to the FEA study, the influence of the
cladding on SIF is obvious.
In the elasticeplastic analyses, the stress within the clad-
ding will be limited, if the plasticity is incorporated, so the KCP
values may be smaller than KI for the DP [13]. While in the
RCC-M code, the plasticity correction always increases the SIF.
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The critical crack tip temperature is much lower than RTNDT þ
60oC in the IAEA report. Therefore, according to the RCC-M
code, the failure criterion is as follow:
KCP  KIC=1:6 (12)
The relationship between elastic-plastic SIF and crack tip
temperature, calculated by the FEAmethod, is shown in Fig. 8.
Themaximumallowable RTNDT is also calculated based on the
tangent method. Due to the influence of the cladding, the IP is
more dangerous than the DP in the case study (the plane
strain conditions are defined for all points).
As shown in Fig. 8, the critical moment of fracture may not
coincide with the time to get the maximum SIF, as the crack
tip temperature may be higher at that time. Consequently,
there may be a set of moments in which the safety assess-
ment needs to be performed, according to the RCC-M code.Table 6 e Safety assessment results.
Location KCPðMPa$
ﬃﬃﬃﬃﬃ
m
p Þ Crack tip temperature (C)
Based
DP 47.56 66.58
IP 30.78 76.86
a The results of AREVA in the IAEA report are used. The distance of IP fr
(crack depth a ¼ 12 mm) is postulated in the IAEA report.
DP, deepest point; IAEA, International Atomic Energy Agency; IP, interfac
Table 7 e SIF results with and without the residual stress.
Residual stress a ¼ 6 mm,
a/2b ¼ 1/6
a ¼ 6 mm,
a/2b ¼ 0
a ¼ 12
a/2b ¼
Not considered 42.45 49.90 45.9
Considered 50.28 58.57 54.5
Increment (%) 18.45 17.37 18.8
SIF, stress intensity factor.The results of the safety assessment at time of 7,200 s, based
on the RCC-M code, are shown in Table 6. The allowed critical
value of RTNDT is only about 52C for the DP which is much
lower than the “screening criterion” of the USA. The main
difference is due to the fact that the “screening criterion” is
determined by a probabilistic approach, different flaws,
different methods for considering cladding, safety margins,
and failure criteria.
4.4. Discussion
4.4.1. Effect of weld residual stress
Residual stress is not considered in the RCC-M and RSE-M
codes, and the influence of the residual stress on the SIF of
the circumferential surface-break cracks in the circumferen-
tial weld of the RPV beltline is shown in Table 7. The stress free
temperature (SFT) is chosen to be 295C and the default re-
sidual stress in the FAVOR is used in the study.
As shown in Table 7, the SIF increases about 18% after the
residual stress through-wall distribution is considered, indi-
cating that the influence of the residual stress cannot be
ignored.
4.4.2. Effect of cladding
As the SIF of the subclad crack may be 50% lower than that of
the surface breaking crack [12e14], the influence of the clad-
ding is particularly significant on the safety margin, since the
existence of cladding decreases the SIF significantly and
consequently increases the maximum allowable RTNDT.
SFT is used to consider the influence of the residual stress
causedby thecladding in theFAVORcode.TheSIF resultsof the
DPs, with andwithout the influence of theweld residual stress
causedby thecladding, areshowninTable8.AsshowninTable
8, the SIF increases significantly if the cladding residual stress
is considered, and theSIFalmostdoubleswhenthecracksize is
small. This indicates that the influenceof the cladding residual
stress cannot be ignored. However, there is little material data
on the cladding and there is alsonodescriptionof it in theRCC-
M and RSE-M codes. Therefore, the material data of theAllowed critical value of RTNDT (C)
on RCC-M method Based on 3-D FEA In the IAEA reporta
52.02 69.9 57.5
93.26 52.8 77.9
om the interface is 2 mm in the IAEA report. Also, the smaller crack
e point.
mm,
1/6
a ¼ 12 mm,
a/2b ¼ 0
a ¼ 24 mm,
a/2b ¼ 1/6
a ¼ 24 mm,
a/2b ¼ 0
3 53.61 48.72 57.85
7 63.72 57.67 69.13
1 18.86 18.37 19.50
Table 8 e SIF results of DPs with and without the cladding residual stress.
SFT (C) a ¼ 6 mm,
a/2 b ¼ 1/6
a ¼ 6 mm,
a/2b ¼ 0
a ¼ 12 mm,
a/2b ¼ 1/6
a ¼ 12 mm,
a/2b ¼ 0
a ¼ 24 mm,
a/2b ¼ 1/6
a ¼ 24 mm,
a/2b ¼ 0
20 26.70 26.11 32.30 33.67 41.28 45.46
295 42.45 49.90 45.93 53.61 48.72 57.85
Increment (%) 58.99 91.11 42.20 59.22 18.02 27.25
DP, deepest point, SIF, stress intensity factor.
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stress, need to be defined in any future PTS assessment.
In the above analyses, the cladding is considered in the
models. It was assumed that the cladding always bears the
loads along with the base material during the PTS transients.
In reality, theremay bemany small cracks in the cladding and
the near surface crack is hard for the NDT to detect during the
service period. According to the RSE-M and ASME codes, there
is no need to assess the cracks which are located in the
cladding region. Neglecting of the cracks embedded in the
cladding is a conservative assumption.
When the cladding loses the strength to bear the loads (map
cracking, MC) before PTS transient occurs, the MC effect on
fractureanalysisshouldbeconsidered. Inthiscase, thecladding
may conduct heat flux but lose the strength to bear the loads
during PTS transients. Fig. 9 shows the maximum thermal
stress SIF with or without considering the MC effect under
different cool-down rates [2].When theMCeffect is considered,
the thermal stress SIF reduces obviously. The decrement of IPs
ismuch larger than that of DPs. TheMC effectmeans to release
the constraints on the flaw, especially for the IPs.0.05 0.10 0.15 0.20 0.25
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Table 9 e SIF of different crack shape parameters.
a ¼ 10 mm a ¼ 20 mm a ¼ 40 mm
a/2b ¼ 1/6 DP 63.67 67.68 81.58
IP 52.79 68.78 90.18
a/2b ¼ 0 88.89 101.84 138.20
DP, deepest point; IP, interface point; SIF, stress intensity factor.4.4.3. Crack arrest and ductile tearing assessments
As shown in Table 1, only crack initiation assessment is
considered during the transient period, according to RCC-M
and RSE-M codes. By contrast, crack arrest assessment has
been considered in the FAVOR code [6]. Concerning crack ar-
rest, RCC-M and RSE-M codes are more conservative.
In the ductile tearing analysis in the high temperature re-
gion, the crack shape parameter a/2b is kept at 1/6 in the RCC-
M code, while the crack shape parameter is expected to be
zero (infinite) after crack initiation in the RSE-M code. In
addition, the safety margin of IP may be smaller than that of
DP [3,8]. However, there are few published papers that showed
the differences among different codes, which may puzzle the
user [25]. The SIFs at time of 7,200 s of the transient for the
inner surface break cracks with different shape parameters
are shown in Table 9. The comparison of SIFs shows that the
criteria in the RSE-M code is more conservative than that in
the RCC-M code.5. Conclusion
Basedonthis study, the followingconclusionscanbedrawn: (1)
in the PTS assessment of RP, the approaches in RCC-M, RSE-M
and ASME codes differs in many aspects, including flaw size,
the role of cladding, safety margins, and failure criteria. The
differencewill result in different assessment results. Thus, the
codes need to be homogenized concerning weld residual
stress, cladding influence and the exact safety assessment
criteria in the LTOofNPPs; (2) themethod in the RCC-M code to
account for the influence of cladding on the SIF is nonconser-
vative. Neglecting the weld residual stress in the French codes
leads to nonconservative results in the structural integrity
assessment, but there are many factors influencing the
assessment results which need to be studied in future work;
and (3) the influence of the cladding on RPV integrity is signif-
icant. The material data of the cladding, such as the fracture
toughness and weld residual stress, should be provided in the
assessment. In order to perform a more realistic integrity
assessment for the LTOofNPPs, accurate thermal analysis and
exact crack arrest assessment criteria are needed.Conflicts of interest
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